Abstract. The luminance emitted from a cathode ray rube (CRT) display is a nonlinear function (the gamma function) of the input video signal voltage. In most analog video systems, compensation for this nonlinear transfer function is implemented in the camera amplifiers. When CRT displays are used to present psychophysical stimuli in vision research, the specific display nonlinearity usually is measured and accounted for to ensure that the luminance of each pixel in the synthetic image properly represents the intended value. However, when using digital image processing, the linear analog-to-digital converters store a digital image that is nonlinearly related to the displayed or recorded image. The effect of this nonlinear transformation on a variety of image-processing applications used in visual communications is described.
Introduction
The luminance emitted from a cathode ray tube (CRT) display L is a nonlinear function (the gamma function) of the input video signal voltage v. The nonlinearity usually is approximated by a power law L(v)=(kv) where k and y are constants. The value of the exponent y for most displays ranges from 2.2 to 2.5. (A gamma value of 2.2 was assumed as a standard for the NTSC system.) This nonlinear transformation results in compression of the dark luminance levels and expansion of the bright levels. In most analog video systems [ Fig . 1(a) 1 , compensation for this nonlinear transfer function is implemented in the camera ,2 Thus, the video signal applied to the CRT produces light distribution that is approximately linearly related to the light distribution of the original scene.
Many of the images commonly used in image processing (i.e. , images distributed by the University of Southern Califomia,3 including the pictures of Lena and the Baboon, etc.) were digitized using a gamma-compensated camera [ Fig. 1(b) ] . The linear analog-to-digital converters (ADC) resulted in storage of a digital image with data values nonlinearly related to the luminances in the original scene (the gamma-compensated signal). Because the images are displayed on nonlinear displays, the stored image also is nonlinearly related to the output image being viewed. Imageprocessing computations are performed on the stored nonlinear data rather than on the input image. This paper describes the effects of this nonlinear transformation on a variety of image-processing applications used in visual cornmunications. The emphasis is on image communication since
Luminance Measurement and Calibration
The luminance-voltage characteristics of each display device can vary. Therefore, when CRT displays are used in precision applications (e.g. , to present psychophysical stimuli in vision research), the specific display nonlinearity is measured and accounted for to ensure that the luminance of each pixel in the image properly represents the intended value.4'5 For such critical applications, the approximation represented by the simple power function may poorly fit the display response.2 Therefore, Pelli and Zhang5 have proposed a more complete description of the nonlinearity form, L(v) fa + ( +kv) if + kv 0 (2) Ni otherwise where a is the minimum luminance and k and 3 represent approximately the effects of the monitor' s contrast and brightness knobs, respectively. These authors indicated that even this function is not a good fit for some monitors and suggested that a polynomial function can provide a better fit. The fitted function can be inverted to obtain a correcting function. A curve fitting is not the only way to calibrate a monitor and correct for its nonlinearity . A table of measured luminance values can be interpolated and used to compute an inverse correction look-up table to be interposed between the frame buffer and the video digital-to-analog converter (DAC) circuitry [ Fig. 1(c)] .
Luminance values measured from our monochrome monitor (U.S. Pixel) are shown in Fig. 2 together with a sche- The standard digital image-processing system, where the analog video signal is digitized, resulting in storage and processing of a gamma-compensated signal rather than the luminance signal. (c) In critical applications, the synthetically generated image is displayed after digital look-up table compensation for the display's gamma nonlinear transformation. (d) In visual communication applications, where the camera and display image should remain as in (a), a linearization correction can be applied digitally before processing and then reversed using the look-up table before transfer to the display. This is the method used here to obtain a linearly displayed image of the gamma-compensated original stored image. Note the identification of various signals as used in the text.
matic illustration of the method of computing the correcting look-up table and the luminance measurement verifying the linear outcome of the procedure . With the use of a correcting look-up table, the display luminance becomes a linear function ofthe pixel values stored in the frame buffer [ Fig. 1(c) ]. Since we use an Adage display system with 10-bit DACs, we enter 10-bit words in the look-up table for our 8-bit-perpixel frame buffer,4 which permits a more precise presentation of low-contrast stimuli.
Luminance calibration using an accurate photometer is necessary for human vision studies. For other applications, i.e. , medical displays, brightness linearization also may be desirable.2'6 Calibrations can be achieved without a photometer using a visual adjustment task. 2'7 One method ofcalibrating the display luminance involves displaying alternating raster lines of maximum (1 .0) and minimum (0.0) normalized luminance values on half of the screen and a uniform adjustable luminance on the other half. The subject task is to adjust the apparent brightness of the uniform half by changing the look-up cific display to be used.6 In Sec. 3, the consequences of displaying the result of image enhancements on a nonlinear screen are described.
Image Enhancement
In a linear system, image-enhancement procedures can be described and analyzed either in the frequency or the space domain, because the two are interchangeable. However, the nonlinear relationship of light distribution to the digitized image leads to an incorrect mathematical description of the actual process applied in either domain. Thus, even when an algorithm, applied without consideration of the display nonlinearity, proves to be effective, its explanation may need to be modified. The correct explanation is essential for proper application in varying conditions. Look-up table manipulations, similar to the one described above for linearization, have been used as a simple method of enhancement. For example, an inversion of the pixel values (creating a negative image) has been found to be a useful enhancement in some cases. This process is mostly effective in increasing the visibility of image features that were dark in the original image. Such features will be transferred from the compressed end of the luminance range to the expanded end, and thus become more visible (on the nonlinear display).8 If the same inversion is applied to an image displayed on a linearized screen, dark image features become less visible because their local physical contrast is lower when presented on a bright mean luminance background.9 Therefore, on a linearized display, inversion should be more effective in enhancing features that appear on a bright background in the original image. In fact, look-up table modification aimed at compensating for the display nonlinear characteristics has been proposed by Lim10 as a method of enhancement.
Histogram modification techniques such as histogram equalization or hyperbolization also can be implemented as look-up table modification. However, in these cases the look-up table structure is dependent on the original input image. Histogram equalization transforms the image to one with a more uniform histogram of gray levels . 8 The histogram and its modification are calculated from the gammacorrected digitally stored representation ofthe image. Therefore, the histogram of the displayed image is shifted toward the dark levels (Fig. 3) . In fact, the displayed histogram will be similar to the one calculated using the histogram hyperbolization technique (Fig. 4) . However, even with this relative shift to low-luminance values, the equalized histogram displayed image still contains more values at the brighter end than the displayed original image. Thus, the enhancement achieved with histogram equalization may be, in part, the result of shifting important details from the dark, compressed display range of pixel values toward the brighter part of the display, resulting in increased contrast.
The rationale for the histogram hyperbolization was based on the compressive nature of visual brightness perception in response to
The logarithmic relation between brightness and displayed luminance has led to the hyperbolized histogram solution. When the method is applied, as is commonly the case, to the stored digital image and is displayed on a nonlinear display, the relation between the perceived brightness B and the pixel value remains logarithmic, if a simple power function is assumed as in Eq. (1) 
However, because the histogram hyperbolization is a nonlinear operation, the result will be modified differently than just being scaled by y. The differences between the calculated hyperbolized histogram and the displayed one are illustrated in Fig. 4 . It is interesting to note that equalization of the stored (ny compensated) image or of the displayed (digitally linearized) image gives essentially the same result. Displaying this equalized image on a linearized screen usually results in a too bright, washed-out image, whereas displaying the hyperbolized image on a linearized screen gives a similar appearance to that of the equalized image on a nonlinear screen.
This suggests that histogram equalization is effective frequently only because the gamma function changes the histogram of the displayed image to an approximately hyperbolized one.
Spatial Filtering
Because of the nonlinear relationship between the screen luminance and the stored image, all nominally linear operations lose their convenient linearity. Thus, even simple averaging of pixel values (used to reduce noise) does not result in averaging of the corresponding luminances.
High-pass or bandpass filtering frequently is used to enhance images. When the results of such processing are displayed on a nonlinear CRT there are two effects. The first and most obvious is that the displayed image is darker than an image properly filtered in the luminance domain (Fig. 5 ).
This effect is the result of the necessary rescaling of the filtered image, which is bipolar, with zero mean, into the display range of positive pixel values. The rescaling usually translates the zero value in the filtered image to 128 or close to the 128 (mid value) in the frame buffer, which results in an image with mean luminance much darker than the middle of the luminance range. The second effect, which is not as apparent when comparing the images, is that the spectrum of the displayed image contains energy at frequencies outside the passband of the filter (Fig. 5) . Such "distortion products' ' have been shown to contain low-frequency spectral information corresponding to the original unfiltered im-12 In many cases, this spurious information in the displayed filtered image may have little consequence on the effectiveness of the enhancement. However, when filtration is used in studies of the effects of various frequency bands on the recognition of images,'3'5 care should be exercised not to allow the introduction of spurious frequencies. Such nonlinearities may result from the use of nonlinearized displays or from the use of photographic slides taken off the screen, where the gamma function of the film causes further rt16 '17 I have shown that high-pass-filtered images, transformed by a square power law, result in low-frequency information that is opposite in phase to the original prefiltered 12 Hayes and Ross18 have shown that adding low-frequency information to a line drawing reduces recognition when the image is presented in negative form. They concluded that low-frequency information presented in inverse phase may present difficulties to the visual system. Thus, the effect of the gamma transform may reduce the enhancement of visibility obtained through the filtering. The nonlinearity also may express itself in a variety of artifacts when spatially varying filters are applied to the stored, gamma-compensated image for the purpose of noise reductions or correcting geometric distortions .
Homomorphic Filtering
In homomorphic filtering,19 the image is compressed by a logarithmic transformation, high-pass filtered, and then antilogged before presentation (Fig. 6a) . It has been suggested that the logarithmic transformation is useful because it trans-PELI forms the image, modeled as a product of high-frequency reflectance function and low-frequency illumination, to an additive function, where the high-pass filtering can be implemented 19 It also was argued that since the human visual brightness response appears to present a logarithmic response to luminance intensity, the processing of images in the density (log) domain may be more appropriate (even though it is computationally expensive) and may not perform better in every application. 10,20 When the results of homomorphic filtering are presented on a nonlinear display device, the processed image first was compressed by the inverse gamma response of the camera, followed by digitally applied homomorphic filtering, and then expanded again by the gamma function of the display. However (if power law gamma function is assumed), the implementation of homomorphic filtering on the stored, gamma-corrected image is equivalent to applying the homomorphic filtering to the displayed luminance image, as illustrated in Fig. 6 . Because only linear filtering is applied to the logged image, the scaling of the log transform by the gamma or inverse gamma functions remains unchanged and is cancelled out.
Schreiber1 argued against Stockham's explanation of the effect of the homomorphic filter on the low-frequency luminance component and suggested that a significant effect occurs only with unusual images, such as the boiler room image [ Fig. 7(a) ] . Ibelieve that even for these extreme cases some of the dramatic effects of image improvement obtained with homomorphic filtering are not necessarily a result of the proposed processing; instead much of the effect can be achieved simply by shifting the working point up on the nonlinear gamma curve. To illustrate this point, I processed the image by simply increasing the luminance at the dark end and keeping the bright end fixed [ Fig. 7(d) ]. This lookup table transformation reduces the contrast at every level of the stored image, and more significantly at the lowluminance levels. Yet, as can be seen in the image displayed on the nonlinear screen, the details at the low-luminance areas are highly enhanced [ Fig. 7(d) ]. Similar transformations of the low-luminance mean were included explicitly in the adaptive enhancement of this image22 and in the original processing by homomorphic 19 To appreciate the effect of the gamma transformation on the visibility of details in the original boiler image, one can compare the bandpass filtered versions of the stored [gammacompensated image, Fig. 8(a) ] to that of the digitally unearized image [ Fig. 8(e) 1. These images demonstrate that the bandpass-filtered amplitudes inside the dark room are lower for the displayed image than for the stored (gammacompensated) one. However, since amplitude does not directly correspond to contrast, which is the visually important parameter,9 we also have to consider the changes of local mean luminance that occur under the gamma transformation. Therefore, I calculated the band-limited local physical contrast9 for the same image using first the digitally stored image [ Fig. 8(b) ] and then the digitally linearized image, representing the displayed luminance [ Fig. 8(f) I. The calculated band-limited physical contrast is higher for the displayed image [ Fig. 8(g) ] than for the stored, linearly displayed image [ Fig . 8(c) ] , because contrast is expressed as the ratio of amplitude to local luminance mean.9 Only if the observer' s reduced contrast sensitivity at low luminances is considered,23 the calculated perceived contrast of the dis- played image [ Fig. 8(h) ] is lowered substantially, resulting again in a lower perceived contrast for the nonlinearly displayed image than for the linearly displayed stored image [ Fig. 8(d) ].
Note that, although much of the detail enhancement in the dark areas can be attributed to the shift in local luminance mean, all these enhancement algorithms include other factors that further improve the visibility of details at all luminance levels. These further improvements occur in the moderate-and high-luminance areas in the images. ink on paper (Fig. 9) . However, even in such cases the function is closer to linear than the typical CRT response function. The halftone pixel-to-reflectance function does not show the strong compression at the dark values, and therefore, halftone-printed images appear much lighter and usually flatter than the corresponding CRT image (Fig. 10 ). This effect can be quite large and requires preprocessing of the image or modification of the halftoning algorithm. Many users are satisfied with arbitrary enhancement of the image before printing, usually by application of a power function with a user-selectable exponent. For any critical application where faithful, accurate reproduction of the displayed image is desirable, calibration of both the CRT and the laser printer is required to provide the correcting look-up table. The required correction depends on the response characteristics of both the display and the printer used. Although images printed with such corrections usually appear sharper and more similar to the displayed image (Fig. 10) , one often gets disturbing false contour artifacts in areas of low gradients over low luminance in the image.
Color Images
An analysis of the gamma artifacts associated with color image processing was presented by Miller.7 Briefly, when using a conventional RGB system, the same gamma cornpensation discussed above is applied to each of the three color channels at the camera. Processing in most imageprocessing systems is carried in this gamma-compensated RGB domain. The luminance Y, hue U, and saturation V are expressed as linear transformations of the RGB values:
Y==0.299R+0.587G+0.114B
U=0.5R-0.419G--0.081B V= -0.169R-0.331G+0.5B (5) However, because image processing by the computer actually operates on R11, G11, and B11 instead of R, G, B, respectively, the result is that the Y component loses its pure correspondence with physical luminance, and similarly, the U and V coordinates do not correspond to pure hue and saturation. Thus, for example, an equal change in R, G, and B that should represent only a change in luminance in fact "leaks" some changes into the U and V components. When processing is done in the "YUV domain,"27'28 it is in fact carried in the Y' U' V' domain where, for example, Y' =O.299R + O.587G1 + 0.1 14B1 (6) which is quite different from the luminance channel. This becomes critical in many cases when the bandwidth used to transmit the chroma information U and V is much lower than the bandwidth used to transmit luminance. The result of subsampling U' and V', as is commonly done27'28 is, therefore, to reduce the resolution of the portions of the Y signals that have leaked into the primed chroma channels.
In vision research and other critical medical and scientific applications, the best solution for the problems discussed in this paper is to use a linear acquisition camera and correct for the display nonlinearity using a display-dependent lookup table [ Fig. 1(c) ]. However, in applications related to mass-media video signal processing, it is important to maintam the normal nonlinear relationship between the video voltages and the displayed images. In such applications, or whenever the images are already available in the standard gamma-compensated format, digital images can be converted by a gamma transformation before processing [ Fig. 1(d) ], allowing the processing to be applied in an approximately linear luminance domain. Following the processing, the image should be displayed on a linear display or transformed back by the gamma-compensating function before being presented on the display [ Fig. 1(d) ].
These transformations are not without problems.When applied in a fixed point (8-bit) system, they result in reduced resolution. Depending on the specific nonlinearity, the number of usable levels may be reduced by as much as 30% (i.e. , 700 out of 1024 for a 10-bit system). 4 In some cases, noticeable transitions causing false contours can result. The commonly used, 8-bit resolution is, in fact, inadequate for quantization of the linear luminance domain, especially at the dark end of the range. Thus, images we transformed to be displayed on the linearized display frequently have false contours appearing in dark sections of the image. The loss of resolution can also be noted in Fig. 8 , where Fig. 8(f) is the digitally linearized version of Fig. 8(b) . These problems can be avoided or reduced if the standard analog video signal (or video signal that was digitized at higher than 8-bit resolution) is transferred to the luminance linear domain using an analog converter before digitization. Accounting for the gamma transform of digital images in video communications systems also enables proper incorporation of the human visual model and permits image compression by quantization that is based on actual image amplitude (contrast), rather than a nonlinearly transformed version of the image.
